Introduction
============

Tendinopathy is a common painful tendon condition caused by overuse, mechanical injury or intrinsic degeneration [@B1]-[@B3]. Histologically, calcification is usually reported in some tendinopathies [@B4], [@B5], which leads to a failed self-healing and predisposes the diseased tendon to rupture [@B6]. Up to now, the etiopathogenesis for calcific tendinopathy remains unclear.

Tendon characterized as a kind of dense connective structures can lead to joint stabilization or joint movement through transferring mechanical load from muscle to bone [@B7], [@B8]. Recently, a type of tendon-derived stem cell (TDSC) has been identified, which possesses the abilities of self-renewal and multi-lineage differentiation [@B9]-[@B11]. By differentiating into tenocytes, TDSCs play an important role in matrix homeostasis and tissue regeneration of the injured tendon [@B6], [@B12]. However, lots of abnormal repair outcomes are frequently observed in the pathological chronic tendinopathy, such as fibrocartilage-like tissue formation, lipid substance accumulation and ectopic ossification [@B13]-[@B15]. Recently, increasing evidence suggests that stem cells may also play a role in the pathological conditions [@B16], [@B17]. Several previous studies proposed that the erroneous differentiation of TDSCs to non-tenocytes caused by alterations of their surrounding micro-environments may contribute to the aberrant matrix remodeling and acquisition of non-tenocytes phynotype in the tendinopathic tendons [@B17], [@B18]. However, the potential mechanisms for the erroneous differentiation of TDSCs to non-tenocytes or other cellular phenotype are largely unknown. More direct evidences are needed to clarify this speculation.

Similar with other stem cells, oxygen tension is a local micro-environment surrounding TDSCs. In vivo, the oxygen tension within a certain tissue depends on the vascularization level and the inherent micro-environment type [@B19]. Under physiological conditions, the collagen-rich tendon has few blood vessels and thus a low oxygen level compared with other vascular-rich tissues [@B20]. By contrast, an increased vascular infiltration and capillary blood flow in the tendinopathic tendon are constantly reported previously [@B21]-[@B25], which may in turn lead to an elevated oxygen tension and thus an altered oxygen surrounding TDSCs. Generally, increased vascularization may be a protective response of tissue repair after injury. On another hand, differentiation of stem cells can also be regulated by oxygen tension [@B19], [@B26]. In other types of stem cells, oxygen tension alteration-induced changes in differentiation capacity are often reported during the past years [@B20], [@B27], [@B28]. Moreover, previous study demonstrated that osteogenic differentiation of bone mesenchymal stem cells (BMSCs) was promoted in normoxic culture. In light of the co-existence of ectopic ossification and increased vascular infiltration in the chronic tendinopathic tendon, we propose that the ectopic ossification may partly result from the erroneous osteogenic differentiation of TDSCs caused by increased local oxygen tension.

In the present study, we aimed to investigate the osteogenic differentiation capacity of rat TDSCs (rTDSCs) in hypoxic (3%) culture and normoxic (20%) culture. Because ERK1/2 pathway is a potential signaling pathway relating with differentiation of some stem cells, the potential role of ERK1/2 pathway was also determined by its pharmacological inhibitor U0126. To achieve this purpose, cell viability, cell proliferation, AKP activity, alizarin red staining and expression of some osteogenic markers were evaluated in this study.

Materials and methods
=====================

Ethical statement
-----------------

All animal experiments in this study were approved by Ethics Committee at Southwest Hospital affiliated to the Third Military Medical University \[SYXK (YU) 2012-0012\].

Isolation and preparation of rTDSCs
-----------------------------------

rTDSCs were isolated from the achilles tendon of twelve healthy rats (male, 4-5 weeks old) as described previously [@B29], [@B30]. Briefly, after rats were sacrificed with carbon dioxide, their bilateral achilles tendons were separated. Then, the tendon sheaths and paratendons were further removed. Thereafter, the tendons were cut into small pieces (approximately 2 mm×2 mm) and digested with phosphate buffered saline (PBS) supplemented with 0.3% type I collagenase (Sigma) and 0.4% neutral protease (Roche) at 37 °C for 50-60 min. After digestion and centrifugation (500 g, 15 min), cell pellets were collected and re-suspended in DMEM/F12 medium (Hyclone) containing 20% fetal bovine serum (FBS, Gibco) under standard conditions (37°C, 20% O~2~ and 5% CO~2~). After 8-10 days, TDSCs were collected by local trypsin digestion of individual cell colonies under a light microscopy (Olympus, BX51) and defined as the passage 0 rTDSCs according to previous study [@B29]. Then, the isolated rTDSCs were sub-cultured and passaged after reaching 80%-90% confluence. Previously, we demonstrated that passage 3 rTDSCs displayed a good colongenicity and vigorous differentiation capacity [@B29]. Hence, we mainly used the passage 3 rTDSCs in each experiment in the present study.

Hypoxic and normoxic osteoinductive culture of rTDSCs
-----------------------------------------------------

The P3 rTDSCs were cultured in Osteogenic Differentiation Medium (Cyagen Biosciences Inc) and incubated in a hypoxic (3% O~2~) incubator or a normoxic (20% O~2~) incubator (Thermo Scientific). To investigate the role of ERK1/2 signaling pathway, the inhibitor U0126 (10 μM, Beyotime, China) was added along with the medium throughout the experiment. Culture medium was refreshed every 3 days. To accurately maintain the oxygen tension in the hypoxic and normoxic cultures as much as possible, a rapid and timely gas injection process was performed after exchanging the culture medium. Because no study reported the measurement of oxygen tension in human normal tendon even though the tendon milieu is estimated to be hypoxic, the hypoxic and normoxic cultures were designed according to previous studies [@B19], [@B20], [@B31], [@B32].

Cell viability
--------------

rTDSCs were seeded in 6-well plate (4×10^3^cells/well) and osteogenic-cultured in the designed oxygen tension conditions. On days 1, 4 and 7, cell viability of rTDSCs was analyzed with a LIVE/DEAD Viability/Cytotoxicity Assay Kit (Invitrogen) according to the instructions. Briefly, after washing with PBS for 2-3 times, rTDSCs in hypoxic and nomorxic cultures were incubated with fluorescent working solution (calcein AM: 2 μM; EthD-1: 4 μM) for 40 minutes at room temperature. Then, the live or dead rTDSCs in each group were viewed under a fluorescence microscopy (Olympus IX71). Quantification of cell viability was performed using the Image-Pro Plus software (Version 5.1, Media Cybernetics, Inc.)

Cell proliferation assay
------------------------

On days 1, 4 and 7, rTDSCs proliferation potential was evaluated with a Cell Counting Kit-8 (CCK-8, Beyotime, China). Briefly, after rTDSCs (seeded in 12-well plate, 2×10^3^cells/well) were incubated with fresh medium containing CCK-8 solution for 2 hours, 200 μL supernatant was used to measure the absorbance at 450 nm wavelength using an automatic micro-plate reader (Bio-rad).

Alizarin red staining assay
---------------------------

rTDSCs (seeded in 10-cm diameter dish, 10×10^3^cells/dish) were osteogenic-cultured in medium with or without inhibitor U0126 under different oxygen tension conditions. After 21 days of osteogenic differentiation, the culture medium was removed and the rTDSCs were sequentially fixed with 3 ml 4% paraformaldehyde for 30 minutes, rinsed with PBS for 3 times and stained with alizarin red working solution (Cyagen Biosciences Inc.) for 5-8 minutes. Finally, rTDSCs were observed under a light microscopy (Olympus BX51). Quantification of alizarin red staining intensity was performed using the Image-Pro Plus software (Version 5.1, Media Cybernetics, Inc.)

Alkaline phosphatase (AKP) activity detection
---------------------------------------------

rTDSCs were seeded in 10-cm diameter dishes (10×10^3^cells/dish) and osteogenic-cultured for 14 or 21 days. Then, rTDSCs were incubated with lysis buffer (200 μL, Beyotime, China) and centrifuged (15, 000 r/min, 15 min) to collect lysis supernatant, protein concentration was measured with BCA Kit (Beyotime, China). Then, AKP activity was detected with an Alkaline Phosphatase (AKP) Kit (Nanjing Jiancheng Bioengineering Institute, China) according to the manufacture\'s instructions.

Real-time polymerase chain reaction (PCR) analysis
--------------------------------------------------

Gene expression of several osteogenic markers (ALP, osteocalcin, collagen I and RUNX2) was analyzed by real-time PCR as described [@B29]. Briefly, rTDSCs were seeded in 10-cm diameter dishes (10×10^3^cells/dish) and osteogenic-cultured under different oxygen tension conditions. On days 14 and 21, total RNA was extracted with Tripure Isolation Reagent (Roche) and reverse-transcripted into cDNA with a reverse transcription kit (Roche). Then, the reaction system containing cDNA, primers and SYBR Green Mix (DONGSHENG BIOTECH, China) was subjected to a real-time PCR machine (CFX96 Real-Time System, Bio-rad). Primers of target genes were showed in the Table [1](#T1){ref-type="table"}. β-actin was used as the reference gene and the P3 rTDSCs collected immediately were used as controls. The relative gene expression of target genes was expressed as 2^―△△Ct^.

Western blotting analysis
-------------------------

Protein expression of ERK1/2, p-ERK1/2 and osteogenic maker (RUNX2) was analyzed by Western blotting assay. Briefly, after total protein of rTDSCs osteogenic-cultured in different oxygen tension conditions for 21 days was extracted with RIPA solution (Beyotime, China), protein samples were subjected to SDS-PAGE and transferred to PVDF membrane (Roche). Then, the PVDF membrane was blocked with 5% bovine serum albumin (BSA) and incubated with primary antibodies (ERK1/2, 1:500, sc-292838, Santa Cruz; p-ERK1/2, 1:500, sc-101761, Santa Cruz; RUNX2, 1:500, sc-390351, Santa Cruz; β-actin, 1:1000, 60008-1-Ig, Proteintech) overnight at 4°C and HRP-conjugated secondary antibodies (ZSGB-BIO, China) for 2 hours at room temperature. Finally, protein bands on the PVDF membrane were visualized using the SuperSignal West Pico Trial Kit (Thermo) and analyzed using the Image J software (National Institutes of Health, USA).

Statistics
----------

All numerical data are expressed as mean ± SD and analyzed by the SPSS 13.0 software. Each experiment in this study was performed in triplicate. When homogeneity test for variance was completed, comparisons between normoxic culture and hypoxic culture, between normoxic culture without U0126 treatment and normoxic culture with U0126 treatment, and between hypoxic culture without U0126 and hypoxic culture with U0126 treatment were analyzed by Independent-Samples T test. A statistical difference was indicated when p-value\<0.05.

Results
=======

Cell viability
--------------

Both in hypoxic and normoxic cultures, osteogenic-cultured rTDSCs remained viable on days 1, 4 and 7 (Figure [1](#F1){ref-type="fig"}A1-[3](#F3){ref-type="fig"}, C1-3). Generally, there were no differences in cell viability between hypoxic culture and normoxic culture. Inhibition of ERK1/2 signaling pathway had no effects on cell viability in hypoxic and normoxic cultures (Figure [1](#F1){ref-type="fig"}B1-[3](#F3){ref-type="fig"}, D1-3).

Cell proliferation
------------------

Throughout the 7 days of culture, osteogenic-cultured rTDSCs showed a consistent proliferation potential both in the hypoxic and normoxic cultures (Figure [2](#F2){ref-type="fig"}). Although there was no significant difference in cell proliferation between the hypoxic and normoxic cultures at day 1, proliferation potential in hypoxic culture was significantly increased compared with normoxic culture at days 4 and 7. Additionally, the inhibitor U0126 obviously attenuated cell proliferation in hypoxic and normoxic cultures on days 4 and 7.

Alizarin red staining
---------------------

A stronger alizarin red staining intensity was observed in normoxic culture compared with hypoxic culture (Figure [3](#F3){ref-type="fig"}). However, inhibition of ERK1/2 signaling pathway in hypoxic or normoxic culture significantly decreased the staining intensity (Figure [3](#F3){ref-type="fig"}).

AKP activity
------------

In normoxic culture, AKP activity of osteogenic-cultured rTDSCs was significantly increased compared with that in hypoxic culture on days 14 and 21 (Figure [4](#F4){ref-type="fig"}). Either in hypoxic or normoxic culture, AKP activity was decreased when the ERK1/2 signaling pathway was inhibited by inhibitor U0126.

Gene expression
---------------

Genes of osteogenic maker were differently expressed in hypoxic and normoxic cultures (Figure [5](#F5){ref-type="fig"}). In normoxic culture, expression of ALP, osteocalcin, collagen I and RUNX2 was all up-regulated compared with that in hypoxic culture on days 14 and 21. However, addition of U0126 in either hypoxic or normoxic culture inhibited gene expression of these osteogenic markers (Figure [5](#F5){ref-type="fig"}).

Protein expression
------------------

In normoxic culture, protein expression of p-ERK1/2 or RUNX2 was up-regulated compared with hypoxic culture (Figure [6](#F6){ref-type="fig"}). When the expression of p-ERK1/2 was inhibited by inhibitor U0126 in normoxic and hypoxic cultures, expression of RUNX2 was simultaneously down-regulated (Figure [6](#F6){ref-type="fig"}).

Discussion
==========

Ectopic ossification is commonly found in the chronic tendinopathic tendon [@B33]. Currently, the mechanism underlying this pathological process remains unknown. Apart from the ectopic ossification, oxygen tension may be also elevated due to the increased vascular infiltration [@B24]. Considering that TDSCs can erroneously differentiate into non-tenocytes due to the altered micro-environments and thus play a role in pathological conditions, we performed this study to investigate the osteogenesis capacity of rTDSCs in the hypoxic and normoxic cultures. Our results showed that rTDSCs remained viable both in hypoxic and normoxic cultures and displayed a stronger proliferation potential in hypoxic culture. Specially, rTDSCs in normoxic culture possessed a promoted osteogenesis capacity regarding alizarin red staining, AKP activity, gene expression of osteogenesis-related markers (ALP, osteocalcin, collagen I and RUNX2) and protein expression of RUNX2. Additionally, we also found that inhibition of ERK1/2 signaling pathway could attenuate the osteogenesis potential of rTDSCs (summarized in the Figure [7](#F7){ref-type="fig"}). These findings demonstrated that oxygen tension is an important micro-environment for regulating osteogenic differentiation of TDSCs, and also indicated that ERK1/2 signaling pathway is involved in this regulatory process.

TDSCs are stem cells residing in tendon tissue. Similar with other types of stem cells, TDSCs interplay with the local micro-environment to participate in tendon healing and tendon matrix remodeling after injury [@B6]. In tendon, mechanical loading, matrix composition, biological factors and some other physiological factors are typical micro-environments which can regulate biological responses of TDSCs [@B34]. There are also some evidences that aberrant micro-environments can lead to abnormal functions of stem cells and ultimately pathological diseases [@B6], [@B17], [@B34]. In chronic tendinopathic tendon, ossification and increased blood vessels are two common pathological features. Hence, the raised oxygen tension resulted from the increased blood vessels may lead to erroneous osteogenic differentiation of TDSCs and thus some ossification tissues in the diseased tendon. In line with us, aberrant osteogenic differentiation of stem cells is also previously reported in other tissues, such as arterial calcification and skin calcification [@B35], [@B36].

Oxygen tension is low in the healthy tendon since it has a low blood flow, while oxygen tension may tend to rise in the tendinopathic tendon because of the increased vascular infiltration [@B34], [@B37]. In this study, we found that rTDSCs have an increased alizarin red staining intensity under normoxic condition compare with that under hypoxic condition. Similarly, the results of ALP activity assay also showed a similar trend to that observed in alizarin red staining. These findings indicate that the osteogenesis capacity of rTDSCs in normoxic culture is promoted compared with that in hypoxic culture. In line with us, a previous study also indicated that human TDSCs have a reduced osteogenic differentiation potential but an increased proliferation capacity in hypoxic (2%) culture [@B32]. Additionally, it is also reported that osteogenic differentiation of bone mesenchymal stem cells (BMSCs) was also attenuated in hypoxic culture [@B19], [@B38]. However, a previous study by Zhang et al. showed that osteogenic differentiation of human TDSCs in hypoxic (5%) culture was increased compared with that in normoxic (20%) culture [@B20]. We speculate there are several possible factors that may be responsible for this discrepancy, such as the different control way of oxygen tension in the incubator, the different initial status and source of TDSCs, and different experimental conditions [@B20]. Nevertheless, all these studies indicate that oxygen tension is an important factor for regulating osteogenesis of TDSCs.

Various osteogenesis markers, either for the early stage or the late stage, had been identified previously, such as ALP, collagen I, RUNX2, osteonectin, osteocalcin and osteopontin [@B39]. In the present study, we investigated expression of these osteogenic makers from gene level or protein level. We found that gene expression of ALP, osteocalcin, RUNX2 and collagen I as well as protein expression of RUNX2 are all up-regulated in the normoxic culture compared with hypoxic osteogenic culture. This suggests again that osteogenesis capacity of rTDSC in normoxic culture is promoted compared with that in hypoxic culture. Additionally, this also indirectly implies that the ossification tissue in the chronic tendinopathic tendon is related to osteogenesis of TDSCs caused by alteration of local micro-environment, such as the elevated oxygen tension caused by the increase in vascularization.

ERK1/2 signaling pathway is a branch of MAPK pathways which are involved in many cell bioactivities including cell proliferation, cell apoptosis and cell differentiation [@B40]. Previously, ERK1/2 signaling pathway had been reported to participate in inhibiting the osteogenic differentiation of BMSC under hypoxic condition [@B38]. In this study, activation of ERK1/2 signaling pathway in rTDSCs in normoxic culture was more obvious than that in hypoxic culture. Moreover, when ERK1/2 signaling pathway was inhibited by inhibitor U0126, osteogenic activity of rTDSCs regarding alizarin red staining intensity, ALP activity and expression of the designed osteogenesis markers was simultaneously decreased. These results indicate that the ERK1/2 signaling pathway is involved in the effects of altered oxygen tension on osteogenesis capacity of rTDSCs. Consistent with us, activation of ERK1/2 signaling pathway is also previously reported to participate in the osteogenesis of other types of stem cells, such as BMSCs, Periodontal ligament stem cells and induced pluripotent stem cells [@B41]-[@B43].

Previous studies demonstrated that oxygen tension can affect cell viability and cell proliferation of stem cells. In this study, no differences in cell viability of osteogenic-cultured rTDSCs were found between hypoxic culture and normoxic culture, indicating that rTDSCs can remain viable in either hypoxic culture or normoxic culture. However, proliferation capacity of the rTDSCs in hypoxic culture was increased compared with that in normoxic culture. This finding confirmed previous stem cells-related studies which demonstrated that the stemness of stem cells is better maintained in hypoxic culture [@B19], [@B32], [@B44]. Apart from this, we also found that blocking the ERK1/2signaling pathway in hypoxic or normoxic culture inhibited cell proliferation of rTDSCs, whereas the cell viability was not influenced. This indicates that ERK1/2 signaling pathway may affect cell proliferation but not cell viability of rTDSCs in different oxygen tension conditions.

This study also has several limitations. First, an in vivo animal model is not used to verify the results from the in vitro cell culture system. Second, erroneous osteogenic differentiation of TDSCs may be resulted from a combination of several factors including elevated oxygen tension, inflammation, mechanical overloading and alterations in extracellular matrix [@B34]. However, we just studied the effects of single factor on osteogenesis capacity of rTDSCs in this study. Third, because there are no reports about the measurement of exact value of oxygen extension in human tendon under physiological and pathological conditions, the oxygen tension values of hypoxic and normoxic cultures in this study were designed according to previous studies [@B20], [@B32]. Hence, the oxygen tension parameters used in this study may differ from the actual oxygen tension in human tendon under physiological and pathological conditions.

Taken together, we can draw the conclusion that osteogenesis capacity of rTSDCs in the normoxic culture was increased compared with that in the hypoxic culture, and ERK1/2 phosphorylation may participate in this regulatory process. This study will contribute to further understanding of the mechanism behind the ectopic ossification in the tendinopathic tendon and ultimately the development of effective clinical treatment for it.
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![Cell viability analysis of rat tendon-derived stem cells (rTDSCs) in hypoxic and normoxic cultures on days 1, 4 and 7. The live and dead cells were stained with green fluorescence and red fluorescence, respectively. Magnification: A1-D1, 40x; A2-D2 and A3-D3, 100x. n=3.](ijmsv13p0629g001){#F1}

![Cell proliferation potential of rat tendon-derived stem cells (rTDSCs) in hypoxic and normoxic cultures on days 1, 4 and 7. Date are expressed as mean ± SD, n=3. \#: Indicates a significant difference between hypoxic and normoxic cultures without addition of inhibitor U0126. \*: Indicates a significant difference associated with U0126 treatment in hypoxic culture or normoxic culture.](ijmsv13p0629g002){#F2}

![Representative photomicrographs and quantification of alizarin red staining of rat tendon-derived stem cells (rTDSCs) in hypoxic and normoxic cultures on day 21. Magnification: 100x. n=3.](ijmsv13p0629g003){#F3}

![Alkaline phosphatase (AKP) activity of rat tendon-derived stem cells (rTDSCs) in hypoxic and normoxic cultures on days 14 and 21. Date are expressed as mean ± SD, n=3. \#: Indicates a significant difference between hypoxic and normoxic cultures without addition of inhibitor U0126. \*: Indicates a significant difference associated with U0126 treatment in hypoxic culture or normoxic culture.](ijmsv13p0629g004){#F4}

![Real-time PCR analysis of rat tendon-derived stem cells (rTDSCs) in hypoxic and normoxic cultures on days 14 and 21. Date are expressed as mean ± SD, n=3. \#: Indicates a significant difference between hypoxic and normoxic cultures without addition of inhibitor U0126. \*: Indicates a significant difference associated with U0126 treatment in hypoxic culture or normoxic culture.](ijmsv13p0629g005){#F5}

![Western blotting analysis of rat tendon-derived stem cells (rTDSCs) in hypoxic and normoxic cultures on day 21. Date are expressed as mean ± SD, n=3. \#: Indicates a significant difference between hypoxic and normoxic cultures without addition of inhibitor U0126. \*: Indicates a significant difference associated with U0126 treatment in hypoxic culture or normoxic culture.](ijmsv13p0629g006){#F6}

![A brief graphic abstract of this study. Rat tendon-derived stem cells (rTDSCs) were cultured in normoxic (20% O~2~) and hypoxic (3% O~2~) cultures. Osteogenesis capacity of rTDSCs in normoxic culture was promoted compared with that in hypoxic culture, whereas inhibition of ERK1/2 signaling pathway attenuated osteogenesis of rTDSCs both in normoxic and hypoxic cultures.](ijmsv13p0629g007){#F7}

###### 

Primers of target genes.

  Gene          Forward (5\'-3\')        Reverse (5\'-3\')
  ------------- ------------------------ -------------------------
  β-actin       ACCCCGTGCTGCTGACCGAG     TCCCGGCCAGCCAGGTCCA
  osteocalcin   CGGCGCTACCTCAACAATGG     GTCCATACTTTCGAGGCAGAGAG
  Collagen I    CATCGTGGCTTCTCTGGTC      ACCGTTGAGTCCATCTTTGC
  ALP           CCCGAGTGCTTTGTGTGTGCTG   CCGCCGGTGTTCGTGTGTG
  RUNX2         GGGCAGATGGGGAACTGTG      GGTTTGCTACTGGGTGGGTTTC
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